Extraskeletal osteosarcoma (ESOSA) is a rare soft tissue neoplasm representing <5% of osteosarcomas and <1% of all soft-tissue sarcomas. Herein, we investigate the clinicopathological and molecular features of ESOSA and explore potential parameters that may affect outcome. Thirty-two cases were retrieved and histomorphology was reviewed. Clinical history and follow-up were obtained through electronic record review. DNA from formalin-fixed paraffin-embedded (FFPE) tissue was extracted and processed from 27 cases. Genomewide DNA copy number (CN) alterations and allelic imbalances were analyzed by single nucleotide polymorphism array using Affymetrix OncoScan FFPE Assay. Massive high-throughput deep parallel sequencing was performed using a customized panel targeting 410 cancer genes. Log rank, Fisher's exact test and Cox proportional hazards were used for statistical analysis. In this series of 32 patients (male n 5 12, female n 5 20), the average age was 66 years (19-93) and median follow up was 24 months (range 6-120 months). Frequent genomic alterations included CN losses in tumour suppressor genes including CDKN2A (70%), TP53 (56%) and RB1 (49%). Mutations affecting methylation/demethylation, chromatin remodeling and WNT/SHH pathways were identified in 40%, 27%, and 27%, respectively. PIK3CA and TERT promoter variant mutations were identified in 11% of the cases. Cases harbouring simultaneous TP53 and RB1 biallelic CN losses were associated with worse overall survival and local recurrence (p 5 0.04, p 5 0.02, respectively). CDKN2A losses and positive margins were also associated with worse overall survival (p 5 0.002; p 5 0.03, respectively). Our findings suggest that age above 60, positive margin status, simultaneous biallelic TP53 and RB1 losses and CDKN2A loss are associated with a worse outcome in ESOSA. Comparison between conventional paediatric osteosarcoma and ESOSA shows that, while both share genetic similarities, there are notable dissimilarities and mechanistic differences in the molecular pathways involved in ESOSA.
Introduction
Extraskeletal osteosarcoma (ESOSA) is an extremely rare malignant soft-tissue neoplasm that produces osteoid/bone in association with a chondroblastic component, at times without demonstrable attachments to bone or periosteum [1] . ESOSA represents 2% to 5% of osteosarcomas and <1% of all soft-tissue sarcomas with a predilection for older patients; it typically occurs in the sixth decade [2] . Little is known about the clinical and pathological features that may affect outcome in ESOSA. Previous studies investigating clinicopathological factors have shown that size less than 5 cm is associated with a better prognosis [3] . More recent studies showed better survival in patients with superficial tumours and negative margins at resection [4] . Other groups have reported that size larger than 10 cm and older age are significantly associated with worse outcome [5] . In general, outcomes have historically been poor, with high rates of metastatic disease and overall survival at 5 years ranging from 25% to 77% [6, 7] . Unlike primary osteosarcoma of bone, which arises predominantly in children and adolescents and where response to preoperative combination chemotherapy is the strongest predictor of overall survival [8] , the role of chemotherapy and/ or radiation in ESOSA remains controversial. Prospective studies assessing these regimens are lacking mainly due to the rarity of this tumour. While some authors have reported outcome benefit with adjuvant chemotherapy in ESOSA, a similar association with death due to disease or disease-free survival was not found in other studies [7, 8] . Surgical resection with clear margins remains the mainstay of treatment. Recent advances in molecular technologies such as massively parallel high throughput sequencing (including whole genome and targeted exome sequencing), cytogenomic single nucleotide polymorphism (SNP) arrays and comparative genomic hybridization have enabled investigators to define the molecular landscape of conventional paediatric osteosarcoma [9, 10] . Apart from anecdotal reports, the molecular landscape of ESOSA has not been investigated. These reports include three separate cases of ESOSA where two cases showed highly complex genomic aberrations [11] , one moderate hyperdiploidy with few chromosomal aberrations [12] and one primary ESOSA of the lung showing 1q gain, 8q gain, 13q and 15q loss [13] . Herein, we investigated potential clinicopathological and molecular factors affecting clinical outcome in a series of ESOSAs that were collected over a 23-year period at our institution. In order to define the molecular landscape of ESOSA, we used parallel testing on cytogenomic SNP microarray and hybrid capturebased next generation sequencing platforms. Specifically, we focused on identifying recurrent copy number (CN) variants, somatic mutations and structural variants. Recurrent molecular genetic events (both structural and mutational) were correlated with clinical outcome.
Material and methods

Patient selection and pathological review
After institutional review board approval, 32 cases of ESOSA were accrued by searching through our pathology database to identify patients with ESOSA treated at our medical centre between July 1992 and July 2015 inclusive. All patients underwent treatment and resections at our institution. Two expert bone and soft-tissue pathologists reviewed all cases and confirmed the diagnosis. Twenty-seven cases had sufficient material for molecular testing in parallel on the SNP array using Affymetrix OncoScan FFPE Assay (Affymetrix, CA, USA) and next generation sequencing platforms.
Clinical follow-up and statistical analysis
Clinical follow-up information was obtained from hospital electronic records in 32 patients. One patient was lost to follow-up. This patient was excluded from further statistical analysis. Fisher's exact test was used to determine correlations between different clinical and pathological variables and genetic findings. Survival curves were constructed using the methods of Kaplan and Meier with local recurrence/ metastasis-free survival, disease-free survival and overall survival as end points. Time to these events was calculated beginning with the date of initial surgery. Cox proportional hazard models were used for multivariate analysis of variable that showed significance on univariate analysis. Patients were censored accordingly. All statistical analyses were performed using SPSS statistics (version 22.0).
SNP array analysis
Genomic DNA was extracted from FFPE tumour tissues using Qiagen DNeasy Tissue & Blood kit. Genomewide DNA CN alterations and allelic imbalances were analysed by SNP array using Affymetrix OncoScan FFPE Assay with 80 ng input of tumour genomic DNA for each sample. Processing of samples was performed according to the manufacturer's guidelines (Affymetrix). Assay data were processed and analysed by the combination of OncoScan Console software and OncoScan Nexus Express software. Array data were manually reviewed and consensus was reached for alterations not automatically called by the software or false alterations due to the highly fragmented nature of the tumour genome. In terms of the data analysis, we used allele peak information to help with the determination of diploid genomic regions, if needed. As such, we felt comfortable to make absolute CN calls.
Targeted exon high throughput massive parallel sequencing
The tumour DNA samples used for SNP-array analysis were also screened for gene mutations in 410 key cancer-associated genes (gene list with genomic coordinates for the covered areas are available in online supplementary material 1) using solution-phase exon capture and next generation sequencing (MSKdesigned to focus on somatic mutation detection by filtering out alterations also present in matched normal samples. Matching normal with enough material for MSK-IMPACT study was available for all cases and the normal DNAs were sequenced in parallel with the corresponding tumour DNAs. Additionally, a mixture of pooled FFPE normal DNA was used as unmatched normal control for mutation calling. Briefly, barcoded sequences are prepared and captured by hybridization with custom biotinylated DNA probes for all exons and selected introns of 410 oncogenes and tumour suppressor genes using 100-250 ng of input DNA. Captured libraries were sequenced on an Illumina HiSeq ([2] 3 100bp paired-ends read). Bioinformatics analysis included alignment of reads to the human genome (hg19) using BWA-MEM (v 0.7.5a); duplicate read removal, base recalibration and Indel realignment using GATK (v 2.6-5) following best practices; variant calling using MuTect (v 1.1.4) for single nucleotide variants and Somatic Indel Detector (GATK 2.3-9) for indels. Annovar was used to annotate the variants for cDNA and amino acid changes as well as presence in dbSNP database (v137) and COSMIC database (v68) and 1000 genomes minor allele frequencies.
Unsupervised cluster analysis
Samples were scored based on copy-number loss, deleterious mutations or monoallelic mutations for recurrent alterations in tumour suppressor genes and/ or oncogenes to generate a matrix. Six tumour suppressor genes (TP53, RB1, CDKN2A, NF1, PTEN and LSAMP) showed recurrent events and were included in the final matrix. Hierarchical clustering analysis was performed on the score matrix using the measure of similarity based on the biological impact of the genomic alteration (ie, a biallelic inactivation event is scored similarly to a monoallelic deletion with a simultaneous inactivating mutation on the other allele). R (v 3.0.2) was used to parse the data and rendered graphically using the heatmap tool.
Immunohistochemistry
Five-micron-thick, 10% formalin-fixed, paraffinembedded tissue sections were deparaffinized, rehydrated and washed in xylene, graded alcohols and distilled water, respectively. Immunostaining for p53 (mouse monoclonal antibody, dilution 1:500; Santa Cruz Biotechnology Inc., Dallas, TX, USA) and pRB1 (mouse monoclonal antibody, dilution 1:50; Novocastra, Leica biosystems, IL, USA) were performed using commercially available antibodies. On-board epitope retrieval was accomplished according to the manufacturers' instructions. Overnight incubation was performed with the primary antibody at 418C. Subsequent incubation was performed for 1 h at room temperature with a goat biotinylated secondary antibody (dilution 1:500; Vector Laboratories Inc., Burlingame, CA, USA). Finally, incubation with ABC detection kit (Vector Laboratories Inc.) for 30 min and the chromogen diaminobenzidine tetrachloride for 5 min was performed to visualize the antibody-antigen complex. Appropriate control slides were prepared.
Results
Clinical and pathological features
Over a 23-year period, we identified 32 patients; one patient was lost to follow up and was excluded from further survival analysis. Twenty seven cases had sufficient pathological material and were tested in parallel on a SNP-array platform using the Affymetrix OncoScan FFPE Assay and a NGS platform (MSK-IMPACT). Clinicopathological data on the patients and tumours in the study group are shown in Table 1 . Tumour size ranged from 2 to 9 cm. Tumours were either located in the extremities (65%) or were axial (35%). Among the 32 cases, eight (26%) had microscopically positive margins defined as tumour present at or within 0.1 cm from the inked margin. A variety of histological subtypes were present:
Osteoblastic conventional subtype. Spindle/fibroblastic subtype. All cases exhibited unequivocal osteoid matrix, which was more than a focal finding enabling the diagnosis of ESOSA. None of the cases contained a welldifferentiated liposarcoma component. This was a pertinent negative finding to rule out the possibility of a dedifferentiated liposarcoma. Cases showed frequent overlap between the different histological subtypes mainly between spindle/pleomorphic and chondroblastic/osteoblastic subtypes (Figure 1) . Classification of different categories was based on the most predominant subtype.
SNP array results. SNP array revealed a highly complex genomic profile with numerous CN aberrations including CN losses and gains with an average of 16 chromosomal alterations/tumour (range 3-35 chromosomal alterations; Figure 2 ). Recurrent chromosomal CN aberrations included CN losses affecting chromosomes 13q n 5 16 (60%), 17p n 5 11 (40%), 9p n 5 14 (52%), 11p n 5 10 (37%), and CN gains involving chromosome 8q n 5 8 (30%), 19p n 5 9 (33%) (online supplementary material 2). Focused analysis of candidate tumour suppressor genes and oncogenes (which are usually involved in conventional paediatric osteosarcoma) [15] [16] [17] revealed CN losses in the following tumour suppressor genes: CDKN2A (70%), TP53 (56%), RB1 (49%), PTEN (37%), NF1 (27%), LSAMP (19%) including numerous biallelic CN losses, monoallelic CN losses and CN-LOH. Previously described CN gains and amplifications in oncogenes involved in conventional paediatric OSA were also seen in our series with variable frequencies as follows: MDM2 (11%), CDK4 (11%) and PMP22 (10%) (online supplementary material 3) [15] [16] [17] . All cases were evaluated for the absence or presence of chromothripsis. The definition of chromothripsis employed in this study is more than 10 breakpoints along the length of a chromosome arm or chromosome segment with CN changes between 2 and 3 stages (loss, normal 6 gain). Only one case showed evidence of chromothripsis, which affected chromosome arms 1p and 10p.
NGS data analysis. Next generation sequencing analysis of 410 cancer-associated genes showed a median coverage of 293.5X across all samples (Range 77- suppressor genes and other genes involved in the negative feedback of WNT pathways have damaging effects on the encoded proteins through substitutions with alterantive residues with different electric charges and hydrophilic/hydrophobic properties leading to abnormal protein folding and destabilization. These findings were further confirmed by querying research-based predictive models POLYPHEN (http://genetics.bwh.harvard.edu/ pph2/) and SIFT (http://sift.jcvi.org/). Using these prediction algorithms, 56 events (73%) showed a potential damaging effect on the protein function. Additional mutations affecting the helical loop (c.1490A>G, p.N497S) and kinase domain (c.3140A>G, p.H1047R) of PIK3CA were also identified.
Significant clinicopathological prognostic factors. Survival analysis using all pathological and clinical factors listed in Table 1 revealed that age above 60 years and positive margins were both associated with a worse overall survival and local recurrence (p 5 0.0017 and p 5 0.02, Single-gene event correlation with outcome and morphology. CDKN2A loss (including biallelic, monoallelic and CN-LOH) was associated with significantly worse overall survival in our patients (p 5 0.002; Figure 3 ). Further outcome analysis including single-gene CN aberrations (gains or losses) did not reveal any significant correlation with outcome with other aberrant genes. Additionally, the number of CN alterations per case did not correlate with outcome (ie, one versus two versus three). RB1 loss (including biallelic, monoallelic and CN-LOH) showed a significant association with non-giant cell morphology (ie, giant cell rich cases showed fewer RB1 losses) (p 5 0.022).
Cluster analysis and gene event correlation with outcome. Unsupervised hierarchical clustering analysis of recurrent CN losses and mutations affecting tumour suppressor genes segregated cases in three major clusters (Figure 4 ):
Cluster 1 with recurrent simultaneous biallelic inactivation of CDKN2A and TP53 (n 5 7). Cluster 2 with recurrent biallelic CN losses in CDKN2A and/or monoallelic losses or mutations in either TP53 or RB1 (n 5 8).
Cluster 3 with recurrent simultaneous biallelic events (CN losses and/or mutations) affecting both TP53 and RB1 (n 5 10).
Further outcome analysis showed that cluster 3 patients had a worse overall survival and higher local recurrence rates (p 5 0.04 and p 5 0.02, respectively) ( Figure 5 ). Within this cluster (cluster 3) immunohistochemical studies showed high concordance with the genetic events detected in our cluster plot. Complete loss of nuclear RB protein expression in the lesional tissue and retained expression in the surrounding normal tissue was seen in all 10 cases tested. Similarly, cases with biallelic losses of TP53 (n 5 6) showed complete loss of nuclear expression of the protein (similar to what is observed with homozygous p53 null mutation) in the lesional tissue. Cases with monoallelic CN losses or monoallelic mutations showed nuclear overexpression of the protein in the lesional tissue (n 5 4) (Figure 4 ).
Discussion
ESOSA is a rare bone-forming malignant soft-tissue neoplasm. Due to its rarity, few comprehensive studies addressing both clinicopathological and molecular aspects of this entity exist. Furthermore, most of the reported studies have focused on conventional paediatric osteosarcoma due to its relatively high prevalence when compared to ESOSA. The molecular landscape of conventional paediatric osteosarcoma has been well elucidated using gene expression analysis, targeted exome sequencing and whole genome sequencing in several studies. The CDKN2A locus, one of the widely studied loci in conventional paediatric osteosarcoma, contains the CDKN2A/p16 and CDKN2A/p14Arf genes [18] . Small or large biallelic CN losses rather than promoter methylation seem to be among the driver genetic events underlying conventional osteosarcoma. Biallelic CN losses affecting the CDKN2A gene are seen in up to15% of conventional osteosarcomas [19] . In our series, CDKN2A losses were seen in 70% of the cases; around half of which are biallelic losses (30% of our cases). This fact highlights the importance of this gene in ESOSA tumourigenesis and aggressiveness. This is further supported by the association we found between CDKN2A losses (biallelic and monoallelic) and worse overall survival in our cohort. This finding is expected as CDKN2A locus loss leads to escape from the cell cycle control by CDKN2A/p16, and blocks apoptosis by impairing the TP53 pathway via concomitant deletion of CDKN2A/p14ARF [18] .
TP53 is a major tumour suppressor gene involved in a variety of human cancers. In our series, TP53 CN losses/deletions (mono and biallelic events) occurred in 56% of the cases, a frequency that is higher than that reported in conventional osteosarcoma (30-40%) [16, 18] . Furthermore, among tumour suppressor genes, TP53 was the most commonly mutated gene with a frequency of 45%; this is significantly lower than that reported in conventional paediatric osteosarcoma (80-90%) [9] . All of the detected mutations in the TP53 gene are either known truncating mutations including non-sense mutations and frame shift deletions or common hotspot missense mutations including well known mutations at residues 273, 280 and 282. All mutational events were distributed in a non-clustered manner across exons, 4, 5, 8 and 10.
Apart from investigating the molecular landscape of ESOSA, we sought specific molecular biomarkers (ie, gene events) that would serve as potential predictors for outcome in ESOSA patients. Our survival analysis suggests that patients whose tumours are in cluster 3, with frequent simultaneous biallelic inactivation of TP53 and RB1, have a worse outcome. This is not surprising as both of these genes are involved in cell cycle checkpoint control and determining cell fate. Both act in parallel on different phases of the mitotic cycle and are regulated by the products of CDKN2A (p14 ARF and p16) [19] . The high concordance between recurrent genetic events in cluster 3 (frequent simultaneous TP53 and RB1 deletions and/ or mutations) with protein expression/loss by immunohistochemistry suggest that this cost effective and relatively cheap method could be used to identify 'high risk' patients based on our outcome analysis.
WNT and Sonic Hedgehog pathways are interesting pathways identified in our ESOSA series. Most of the damaging mutations identified occurred in genes such as AMER1, AXIN2 and GSK3B, which have regulatory function on the canonical WNT pathway leading to degradation of b catenin [20] . The WNT pathway has been implicated in conventional osteosarcoma development [20, 21] . Furthermore, significant crosstalk exists between the Sonic hedgehog (SHH) and WNT pathways. SHH protein binding to its receptor patched (PTCH) protein is thought to prevent normal inhibition by patched of smoothened (SMO). This leads to transcriptional activation and tumour growth [21] . This finding highlights this pathway as a potential target for future therapies in advanced and metastatic ESOSA. Vismodegib, a cyclopamine-based competitive antagonist of SMO, has been investigated in a Phase I/II clinical trial in a series of soft tissue sarcomas including ESOSA (ClinicalTrials.gov identifier NCT01154452); the results of this study are still pending [22] . In our series, none of the cases showing TP53 mutations or events showed MDM2 amplification. This pattern of mutual exclusivity between TP53 and MDM2 is similar to that previously reported in conventional paediatric osteosarcoma [23, 24] . Interestingly, the instability score reflected by the average number of chromosomal changes/alterations per tumour was significantly lower in cases lacking biallelic TP53 inactivation (ie, biallelic CN loss or monoallelic CN loss with mutation occurring on the other allele) (eight chromosomal alterations/tumour) compared to the overall group of tumours tested (average 16 chromosomal alterations/tumour) (p 5 0.001) [95% CI: 210.48 to 25.52 ]. This finding is in line with what has been reported in conventional osteosarcoma where TP53 mutations have been associated with high levels of genomic instability. This is in contrast to MDM2 amplified cases, which showed less genomic instability [24] .
Chromothripsis is a catastrophic event caused by numerous simultaneous breaks happening at once in confined short segments of the genome with subsequent rearrangements leading to disruption of numerous genes. It has been described in up to 25% of conventional psediatric osteosarcomas [23] . In this series of ESOSA, we had only one case with chromothripsis, which affected chromosome arms 1p and 10p. Another known mechanism for catastrophic disruption is kataegis. Kataegis is a hyperemutational phenomenon defined by the presence of the following [25] :
2. The same class of nucleotide mutation occurring for contiguous stretches before switching to a different class. 3. Mutations within short stretches of the genome occurring on the same parental chromosome. 4. Clustering of heavily mutated short stretches of the genome at multiple scales. 5. Association of the hypermutated region with rearrangement breakpoints.
Recent work has highlighted the assessment of kataegis in cancer samples from high throughput sequencing data [26] . In the analysis of the 410 gene panel, we observed some evidence of kataegis from the CN plot in other tumours such as breast cancer. By visual inspection of the dataset reported here, it appears that kataegis is not a common event in ESOSA as compared to paediatric conventional osteosarcoma.
Co-amplification of MDM2 and CDK4 (12q13-15, respectively) occurs frequently in parosteal osteosarcoma and only rarely in conventional osteosarcoma. Studies have reported a 12q13-15 amplification frequency of 67% in parosteal osteosarcoma and 8-12% in conventional osteosarcoma (12%) [27] . It is also postulated that some of these conventional osteosarcomas with 12q13-15 amplicons could represent dedifferentiated low-grade osteosarcoma [27] . Among the three cases in our series with 12q13-15 alterations, one case showed isolated amplification of MDM2. Although co-amplification of CDK4 and MDM2 suggests that both genes are necessary for cancer progression, our finding and previously reported cases of isolated MDM2 amplification suggest that MDM2 alone could be a mediator of tumourigenesis in some ESOSA cases [20] . All three cases also harboured additional genetic events including amplification of FGFR1 in two cases and TERT amplification in one case. No TP53 events were seen in these cases, but other tumour suppressor genes including PTEN, RB1 and CDKN2A showed evidence of monoallelic CN losses. Our findings suggest that MDM2 and CDK4 amplifications require additional cooperative genomic aberrations involving oncogenes or tumour suppressor genes that would lead to the development of the aggressive high-grade morphotype seen in ESOSA. MDM2 amplification as seen in three cases in this series is potentially targetable with novel inhibitor therapies. There is an ongoing phase 1 clinical trial (ClinicalTrials.gov Identifier NCT01877382) investigating MDM2 inhibitors in solid tumours increasing the opportunity for alternative therapy in metastatic and advanced ESOSA cases that fail conventional chemotherapeutical regimens [22] .
Other findings in our study included phosphoinositide-3-kinase (PI3K), catalytic, alpha polypeptide (PIK3CA) and telomerase reverse transcriptase (TERT) promoter variants, which were identified in 10% of our cases, respectively. Both of these mutations have been reported in many epithelial tumours (breast carcinoma, ovarian adenocarcinoma, papillary thyroid carcinoma, etc) and sarcomas including myxoid liposarcomas and solitary fibrous tumours, respectively [28] [29] [30] [30, 31] . These findings suggest that, from a molecular standpoint, ESOSA shares molecular similarities to conventional paediatric osteosarcoma, adult osteosarcoma and possibly soft tissue sarcomas ( Figure 6 ). The similarity between ESOSA and adult osteosarcoma is also reflected by their aggressive clinical course and lack of response to conventional chemotherapy in most of the cases. Detailed genotypic data on high-grade adult soft tissue sarcomas are yet to be available for comparison.
In conclusion, ESOSA is a rare soft tissue neoplasm showing high genomic complexity similar to paediatric conventional osteosarcoma. Yet, significant genetic differences exist between these two entities. In spite of the size limitations of our study, we were able to identify specific targetable genes and pathways (Sonic Hedgehog, PIK3CA mutations) as well as potential aggressive molecular subgroups (ie, CDKN2A loss or Biallelic simultaneous losses of RB1 and TP53). These findings highlight the heterogeneity of ESOSA and provide an opportunity to stratify therapies (whether conventional or targeted) according to the risk factors generated by the mutational status.
